Background: Idiopathic pulmonary fibrosis (IPF) is an age-related and progressive interstitial lung disease. Up to 20% of cases of IPF cluster in families, genetic factors contribute significantly to the pathogenesis of the disease. This study aimed to explore the association between rare genetic variants and IPF in Chinese Han families. Methods: A Han family, comprising three IPF patients and five unaffected their first-degree relatives, and 100 ethnically matched control individuals from North China were enrolled in this study. Peripheral blood was collected, and genomic DNA was extracted. To elucidate if rare genetic variants are associated with the familial IPF, we performed whole-exome sequencing of affected members from a Chinese Han IPF family. Candidate rare variants were then confirmed by Sanger sequencing. Results: We identified a potentially damaging rare variant-a heterozygous mutation c.2146G>A in exon 6 of the gene encoding for telomerase reverse transcriptase (TERT), which results in an amino acid substitution (p.Ala716Thr). We confirmed the missense mutation by Sanger sequencing in all the affected family members but did not detect this mutation in 100 ethnically matched healthy controls. Patients carried this mutation were characterized by the frequently acute exacerbation of IPF phenotype, with poor prognosis. The mean time to death was 2.8 years after diagnosis. Conclusion: Using next-generation sequencing technology in familial IPF patients, we identified the heterozygous rare variant in TERT gene, and strengthened the importance of genetic variants in telomere-related pathogenesis in Chinese IPF patients. This is an open access journal, and articles are distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 4.0 License, which allows others to remix, tweak, and build upon the work non-commercially, as long as appropriate credit is given and the new creations are licensed under the identical terms.
IntroductIon
Idiopathic pulmonary fibrosis (IPF) is an age-related and progressive interstitial lung disease, with a life expectancy of 3-5 years after diagnosis. [1] Accumulating evidence indicates that genetic factors, both common and rare variants, contribute significantly to the pathogenesis of IPF. [2] Genome-wide association studies have identified several common variants linked to IPF risk, for example, the most widely replicated variant rs35705950 located in the promoter region of the MUC5B gene. [3] [4] [5] Next generation sequencing (NGS) technologies have facilitated the identification of rare genetic variants. To date, rare genetic variants in multiple genes have been discovered in familial IPF, which mainly be subdivided into two categories as follows: genes related to surfactant protein metabolism and genes that maintain telomere length. [6] Germline defects in telomere maintenance are common in IPF, several genes in the telomere maintenance pathway have been implicated in IPF families, including those that affect telomerase catalytic activity (TERT, TERC), telomere biogenesis (DKC1, PARN, NAF1) or telomere end regulation (TINF2, RTEL1). Among them, rare coding variants in TERT gene which encodes the protein component of telomerase, are found up to 15% of familial IPF and show autosomal dominant transmission with age-dependent penetrance. [7, 8] About 2-20% of cases of idiopathic interstitial pneumonia cluster in families, [9] leading to the potential to advance our understanding of the genetic basis of this disease; however, these mutations that have been implicated in pulmonary fibrosis account for only a small proportion of the population risk.
Recently, NGS studies have linked pathogenic rare variants in multiple new genes to the familial form of IPF. Here, we performed whole-exome sequencing (WES) on familial IPF patients, and first confirmed a rare missense variant in TERT among the Chinese Han population.
methods

Ethical approval
This study was approved by the Ethics Committee of the Beijing Chaoyang Hospital, Capital Medical University, China. All patients signed informed consent for genetic testing.
Subjects and specimens
A family, comprising three IPF patients and five unaffected their first-degree relatives, and 100 ethnically matched control individuals from North China were enrolled in this study. Clinical records of affected members were obtained, clinical evaluations including high-resolution computed tomography (HRCT) scan, and pulmonary function tests (PFT) were perform on the eight familial members. The diagnosis of IPF was established in accordance with the ATS/ERS/JRS/ALAT diagnostic criteria. [10] Eligible patients were at least 40 years of age and reported having symptoms of idiopathic interstitial pneumonia for at least 3 months. A HRCT scan was performed, and all the three IPF patients were consistent with a definitive usual interstitial pneumonia (UIP) pattern on HRCT (which is updated as "typical UIP" according to the Fleischner Society White Paper [11] ), including the presence of bilateral, predominantly subpleural, basal reticular abnormalities, traction bronchiectasis, and honeycombing and the absence of additional features considered incompatible with a diagnosis of IPF. Familial pulmonary fibrosis was defined by the presence of two or more cases of definitive or probable idiopathic interstitial pneumonia within three generations of a family, with at least one case of idiopathic interstitial pneumonia established as a definitive or probable case of IPF. Patients with clinically significant exposure to known fibrogenic agents or other causes of interstitial lung disease were excluded from the study.
Peripheral blood was collected and genomic DNA was extracted using the QIAamp DNA blood mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions.
Whole-exome sequencing
To elucidate if rare genetic variants are associated with the familial IPF, we performed WES (Illumina HiSeq X Ten Analyzers, Illumina, San Diego, USA) of affected members from a Chinese IPF family. Variants were called using the Genome Analysis Tool Kit and were annotated using ANNOVAR (http://www.openbioinformatics.org/annovar/). Variants obtained from previous steps are then filtered with the minor allele frequency (AF) >1% in East Asian Population in the 1000 genomes database. Single-nucleotide variants were predicted damaging using the SIFT, Poly-Phen or the Mutation Taster software. Unique variants in telomere genes that were not found in the 1000 Genomes Project Database and the Exome Variant Server were prioritized for additional studies.
Sanger sequencing
Confirmatory sequencing of DNA samples for the TERT c.2146G>A mutation detected with WES m e t h o d w a s p e r f o r m e d b y p o l y m e r a s e c h a i n reaction (PCR) amplification of the specific region of exon 6. The primers used for were forward 5'-GGTGACCCTGTCACTGTTGAGG-3' and reverse 5'-GTGAACCTTACGTGGCTCTTG-3'. The conditions used for thermal cycling included an initial denaturation at 95°C for 5 min, 35 cycles at 95°C for 30 s, at 56°C for 30 s and at 72°C for 30s, and a final elongation at 72°C for 10 min. The PCR products were purified and then sequenced bidirectionally with the ABI 3700 DNA sequencer (Applied Biosystems, Foster City, CA, USA).
results
Clinical characteristics of idiopathic pulmonary fibrosis patients
The diagnosis of IPF was established by experienced clinical physicians and radiologists, according to the ATS diagnostic criteria. [10] Pedigree analysis revealed an autosomal dominant mode of inheritance as shown in Figure 1 . All the three IPF patients were consistent with a definitive UIP pattern on HRCT scan. Moreover for the patient II2, the histopathological examination after his lung transplantation confirmed a pathological UIP pattern [ Figure 2 ]. The proband presented with IPF at 51 years of age. All the patients did not have premature graying, blood count abnormalities, or any mucocutaneous features of dyskeratosis congenita. Table 1 shows the clinical features and outcomes of IPF patients. All patients were diagnosed IPF around their 50s, characterized by the frequently acute exacerbation of IPF phenotype, with poor prognosis. Patient II2 died 4.5 years after diagnosis, the 2 nd day after he received bilateral lung transplantation, and II4 died after 1.5 years after diagnosis, II5 died after 2.5 years after diagnosis despite the oxygen therapy and oral N-acetylcysteine for them. The mean time to death was 2.8 years after diagnosis. Table 2 shows the physiological evaluation of all the patients, including PFT, arterial blood gas, and cardiac ultrasound, 6 min walk test. All the three affected members had pulmonary hypertension, the pulmonary artery systolic pressure were assessed by the tricuspid incompetence with cardiac ultrasound.
Germline mutation of the telomerase reverse transcriptase gene
WES and analysis led to the identification of one variant in the TERT gene. Then, Sanger sequencing confirmed the heterozygous mutation in TERT, c.2146G>A, which causes a substitution of alanine for threonine at amino acid 716 in exon 6 [ Figure 3 ]. This missense mutation is a single-nucleotide polymorphism (SNP) in dbSNP Build 147 (rs387907249) with no AF data according to the ExAC and 1000 genomes databases. By Sanger sequencing we did not detect this mutation in 100 ethnically matched healthy controls. This alanine is highly conserved in all vertebrate species that we have examined and is located within the putative oligomerization domain [ Figure 4 ]. Furthermore, in silico analysis with the use of the SNPs3D database suggests that the A716T substitution is functionally deleterious. 
dIscussIon
Genetic variants, both common and rare, contribute to the genetic architecture of IPF. Compared with common variants, rare variants are considered to be highly penetrant, and generally have greater effect sizes as indicated by the high odds ratios for association of these rare variants with disease. [12] In addition, common variants are usually characterized by a single tagging SNP, but the rare variants often directly linked to disease-related genetic changes that are likely to alter the function of encoded proteins. Recently, increasing genetic studies of familial forms of IPF led to the discovery of such rare variants within telomere-related genes by using next-generation sequencing technologies to facilitate genetic discovery. [13] [14] [15] [16] [17] Thus, it is a powerful strategy to use exome sequencing of familial IPF patients to discover rare variants of large effect despite complexities such as clinical heterogeneity, reduced penetrance, and late-onset disease.
Here we report a rare variant in TERT associated with IPF in a Chinese Han family by above research strategy, which has never been reported in Chinese Han IPF families before. TERT encodes telomerase reverse transcriptase, and TERC encodes telomerase RNA, which are two major components of telomerase. Telomerase restores telomere length by adding telomeric DNA forming telomeres to the ends of linear chromosome. Germline mutations in the human TERT and TERC cause autosomal dominant dyskeratosis congenita, a rare hereditary disorder associated with premature death from aplastic anemia and pulmonary fibrosis. [18] TERT variants are the most frequently identified rare mutations related to pulmonary fibrosis, which were found in up to 15% of familial interstitial pneumonitis and in 1-3% sporadic cases. [8] This Ala716Thr variant of TERT was firstly reported in children with severe aplastic anemia and a family history of lung fibrosis. [19, 20] Thus, it was considered that within a single family carried this mutation, older generations were more likely to affected by adult-onset pulmonary fibrosis, whereas bone marrow failure was the first presentation in subsequent generations at a younger age. However, in this Chinese Han IPF family, the next generation of the IPF patients (III1, III2, and III3) who carried this rare genetic variant of TERT are unaffected by neither aplastic anemia nor pulmonary fibrosis. This inconsistence may due to the limited number of cases, the ethnic differences and incomplete penetrance. More IPF families are required to clarify the association between phenotypes and genotypes in Chinese IPF patients.
In the present study, all patients carried this TERT mutation were characterized by the frequently acute exacerbation of IPF phenotype, with poor prognosis in both transplant and transplant-free conditions. Similar results had been reported previously that TERT mutations and/or short telomere lengths are associated with worse survival of IPF patients. [7, 21] The mechanism through which TERT and other telomere-pathway genes contribute to lung fibrosis remains incompletely understood. Animal models of bleomycin-induced pulmonary fibrosis mice showed telomerase induction in lung fibroblasts associated with increased TERT expression, but without significant effect on telomere length. In contrast, TERT deficiency leads to lower myofibroblast differentiation and reduces lung fibrosis, which could be partially reversed by wild type bone marrow transplantation resulting in telomerase restoration in bleomycin induced lung fibrosis mice. [22] TRET, as an essential components of the enzyme telomerase, may cause haploinsufficiency, lead to short telomeres, and affect DNA damage responses. How these aging-related events lead to lung fibrosis and whether other mechanisms involved remain areas of active investigation.
Ethnic/racial differences were also found in the IPF population. A study in the United States including 251,058 cases of IPF patients using the National Center for Health Statistics database showed that 87.2% were non-Hispanic Whites, 5.1% were non-Hispanic African-American, and 2.2% were from other ethnic/racial groups. Compared with white decedents, African-Americans were significantly less likely to be coded with IPF, which were considered to be related to genetic differences. [23] While MUC5B promoter polymorphism rs35705950 is associated with IPF in independent cohorts, the AF and the strength of association are different between the Caucasian population and the Asian population. [24] Besides our present study, there are several other rare genetic variants have been reported to be associated with Chinese IPF patients. For example, six novel mutations in the TERT/TERC genes were identified in individuals diagnosed with sporadic IPF in the Chinese Han population. [25] Other rare variants in the genes encoding surfactant proteins, which maintain the alveolar stability and avert endoplasmic reticulum stress, was reported in a Chinese Han IPF family. [26] In generally, genetic research of IPF in various populations should be explored more active to reveal the whole picture and elucidate the mechanisms.
In conclusion, mutations in the telomerase pathway are the most frequently identified genetic cause of familial IPF. In this study, we confirmed a rare missense mutation in TERT associated with IPF in a Chinese Han family. More IPF families should be verified in the future. The mechanisms by which telomerase dysfunction and short telomeres lead to lung fibrosis still needs to be further understood.
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